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ABSTRACT 

We combine deep Subaru near-infrared images of the massive lensing clusters A2390 and A370 with 
Keck optical data to map the spectral energy distributions (SEDs) of Chandra X-ray sources lying 
behind the clusters. The three sources behind A2390 are found to have extremely red colors with SEDs 
consistent with evolved galaxies at redshifts z > 1.4. One source has extremely anomalous colors, which 
we interpret as evidence for a type Sa SED at a redshift around 2.5. The photometric redshift of another 
source has been confirmed at z = 1.467 from near- infrared spectroscopy using the CISCO spectrograph 
on Subaru. Mapping of optically faint hard X-ray sources may prove to be an extremely efficient way to 
locate luminous evolved galaxies at high redshifts. 

Subject headings: cosmology: observations — galaxies: distances and redshifts — galaxies: evolution — 
galaxies: formation — galaxies: active — galaxies: starburst 
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1. INTRODUCTION 

Recent deep surveys with the Chandra X-ray Obser- 
vatory have resolved most of the hard (2 — 7 keV) X- 
ray background (XRB) into a population of point sources 
(Mushotzky et al. 2000; Giacconi et al. 2001), about two- 
thirds of which are optically bright enough to be spec- 
troscopically identified (Barger et al. 2001; Hornschemeier 
et al. 2001). A substantial fraction of the spectroscopi- 
cally identified sources lie in the nuclei of luminous bulge- 
dominated galaxies whose integrated optical spectra often 
show little sign of the nuclear activity. The remaining third 
of the hard X-ray sources are optically faint (/ > 23.5) 
with I — K colors that are very red. It has been specu- 
lated that many of these optically faint sources may simply 
be higher redshift analogs of the z < 1.5 luminous galaxy 
hosts, since the red SEDs would result in substantial opti- 
cal fading at higher redshift (Crawford et al. 2000; Barger 
et al. 2001). 

In order to fully understand the origins of the hard XRB 
and to determine the evolution of the space density of 
AGN, we need to know the nature and redshift distribution 
of the optically faint hard X-ray sources. Furthermore, if 
it can be securely demonstrated that some of the optically 
faint hard X-ray sources do indeed lie in evolved galax- 
ies at redshifts z > 1.5, then the very existence of such 
systems will be of enormous interest in understanding the 
timescales for galaxy formation. The combination of hard 
X-ray and optical data would then provide an extremely 
efficient technique for locating such sources. 



Robust redshifts for evolved galaxies can be obtained 
from their SEDs. Since much of the signal for such an anal- 
ysis lies in the relative slope above and below the 4000 A 
break, we need good infrared photometry for this purpose. 

We have obtained deep near-infrared (NIR) imaging of 
the cores of two massive lensing clusters observed by Chan- 
dra, A2390 (z = 0.23) and A370 {z = 0.37), to map the 
SEDs of the X-ray sources that lie behind the clusters. 
The advantage of targeting X-ray fields with foreground 
(z = 0.2 — 0.4) massive cluster lenses is that any source 
lying behind will be substantially magnified. 

The two hard X-ray sources detected behind the A370 
cluster by Bautz et al. (2000) are optically bright and 
have been spectroscopically identified (z — 1.060 and 
z = 2.8; Soucail et al. 1999; Barger et al. 1999; Ivi- 
son et al. 1998). Their spectra show strong AGN signa- 
tures, their morphologies are unusual, and both are strong 
submillimeter sources (Bautz et al. 2000; Small, Ivison 
& Blain 1997). In contrast, the three X-ray sources de- 
tected behind the A2390 cluster by Fabian et al. (2000) are 
all coincident with relatively spatially smooth red galax- 
ies (Fig. Henceforth we refer to these as Sources 1 
(CXOUJ215334.0+174242), 2 (CXOUJ215333. 8-^174116), 
and 3 (CXOUJ215333.2-fl74211) (see Fig. 1). These 
sources are not known submillimeter sources and do not 
have optical spectroscopic redshifts (Crawford et al. 2000; 
Fabian et al. 2000). While the faintest of these sources 
(Source 2) is only detected in the soft band of this still rel- 
atively shallow X-ray image, the three sources appear to 
be representative of the optically faint hard X-ray source 
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Fig. 1. — K' image of the A2390 field with the three X-ray sources marked. In each case the galaxy corresponding to the X-ray source 
lies immediately to the left of the number. The numbering corresponds to the listings in Table hi, which is ordered by NIR magnitude. 
Coordinates {J2000) are: (Source 1) RA: 21:53:34.03 Dec: 17:42:42.5, (Source 2) RA: 21:53:33.75 Dec: 17:41:16.8, (Source 3) RA: 21:53:33.23 
Dec: 17:42:11.3. 



population. 

The coordinates and properties of the three X-ray 
sources behind A2390 are summarized in Table |l| and in 
the caption of Fig. 1. Magnitudes are measured in 2" 
diameter apertures. We have applied a small differential 
correction relative to the K' magnitudes to allow for differ- 
ences in the image quality between the bands: — 0.02(i/), 
-0.04(J), 0.03(1), -0.08(i?), -0.18(y), and -0.17(B). In 
the fitting procedures we have also allowed for a 0.2 mag- 
nitude systematic uncertainty over the statistical errors in 
Table 1. Where total magnitudes are required, the offsets 
to the isophotal magnitudes of the final column of the table 
should be used. The X-ray coordinates have been offset to 
match the optical data. The Source 2 X-ray position has 
also been updated from that given in Fabian et al. (2000) 
and now has a clear optical counterpart. 

2. OBSERVATIONS 

2.1. Near- infrared Imaging 

We used the new Cooled Infrared Spectrograph and 
Camera for OHS (CISCO, Motohara et al. 1998) on the 
Subaru 8.3 m telescope UT 2000 June 18-19, July 15-16, 
September 10 — 12, and November 7 to obtain extremely 
deep J, iJ, and K' images of the clusters A2390 and A370. 
The detector used was a 1024 x 1024 HgCdTe HAWAII 
array with a pixel scale of 0.111" for the June, July, and 
November runs and a pixel scale of 0.105" for the Septem- 
ber run. This provides a field-of-view ~ 2' x 2'. The 
data were taken in unguided mode and therefore relied 
on the superb telescope tracking to maintain image qual- 
ity. To minimize the image degradation, a number of sub- 



exposures were taken at each position in an eight-point 
pentagon pattern (5" step size). The weather conditions 
were photometric, and the seeing was typically 0.3" — 0.5" 
during the first three observing runs, which was also the 
resolution for nearly all the final reduced images. Con- 
ditions were clear but with variable seeing during the 
November run, with characteristic image FWHM of ^ 0.8" 
for the A3 70 H image taken on this night. The data 
were processed using median sky flats generated from the 
dithered images. The data were calibrated from observa- 
tions of the UKIRT faint standards (Casali & Hawarden 
1992) FS27, FS29, FS6, and FSIO. The total exposure 
times for A2390 were 5520 s (J), 7290 s [H), and 15360 
s {K'), and those for A370 were 13280 s (J), 7680 s (ff), 
and 15360 s {K'). The K' image of A2390 is shown in 
Fig. |l| with the three X-ray sources marked. 

2.2. Optical Imaging 

Deep multicolor images of A370 were obtained using 
LRIS on the Keck 10 m telescopes on UT 1999 August 
11, September 9-10, and 2000 August 25. The data were 
taken as a sequence of dithered exposures with net inte- 
gration times of 4200 s in V, 4800 s in R, and 2700 s in /. 
The data were processed using median sky flats generated 
from the exposures. Conditions were photometric during 
the observations. The V , R, and / data were calibrated 
using the photometric and spectrophotometric standard 
HZ4 (Turnshek et al. 1990; Oke 1990) and faint Landolt 
standard stars in the SA 95-42 field (Landolt 1992). Deep 
B (3780 s) and R (2940s) images of A370 were obtained 
with ESI on Keck II on UT 2000 September 29-30. 
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For A2390, B (3600 s), R (1800 s), and / (1080 s) images 
were obtained using ESI on the Keck II telescope on UT 
2000 November 29-30. The V (4200 s) image was obtained 
on UT 2000 September 29. The data were calibrated with 
faint Landolt standards in the fields of SA 113-337 and SA 
95-42 (Landolt 1992). 

2.3. Near-infrared Spectroscopy 

We used CISCO on UT 2000 November 7 with the zJ 
grating to obtain NIR spectra of two of the A2390 sources 
(Sources 1 and 2). The zJ grating setup provides wave- 
length coverage over the range AA8450-14100 A, with a 
steep decline in sensitivity below ^ 8750 A. We used a 1" 
wide slit for the observations, which provides a resolution 
of about R=280 over this wavelength range, as measured 
from the FWHM of the neon calibration lines and spectral 
emission features in the targets. We took 400 s exposures 
using a 2-point dither with 5" separation along the slit at 
eight positions for Source 1, for a total of 3200 s, and at 
ten positions for Source 2, for a total of 4000 s. A sec- 
ond order polynomial fit for the wavelength was obtained 
from night sky lines and Paschen series lines in A type 
spectral template stars, and the zero-point was adjusted 
to the position of OH sky lines in the target observations. 
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Fig. 2. — The I — J versus J — H colors for the sources in the 
A2390 and A370 CISCO fields are shown by crosses, with compact 
sources shown as stars. The four X-ray sources lying behind the 
clusters and within the NIR area are indicated by filled symbols, 
with the solid box showing the A370 source and the solid diamonds 
the A2390 sources. The elongated arrow shows the locus of redden- 
ing stretching from an unreddened fiat spectrum source to one with 
Av = 10 magnitudes of reddening. The solid curve shows the colors 
of an Sa galaxy with redshift in the absence of any evolution, using 
the local (z = 0) SED from the Bruzual & Chariot evolutionary 
code (GISSEL98, Bruzual & Chariot 1993). The colors at redshifts 
2 = 1,2, and 3 are marked with ticks and labelled. The dotted line 
shows the same colors for an elliptical galaxy (upper curve) and the 
dashed line for an Sb galaxy (lower curve). 

3. RESULTS AND DISCUSSION 

3.1. Colors and SEDs 

Figure || shows the I — J versus J ~ H colors of sources 
detected in the A2390 and A370 CISCO fields. The four 
X-ray sources are indicated by filled symbols. Only one 



of the A3 70 sources was covered by the infrared images, 
and it is shown by the solid box. The three A2390 sources 
are shown as solid diamonds. Point sources are shown as 
stars. All of the optical counterparts to the X-ray sources 
are extended. Source 3 lies in an extremely unusual por- 
tion of the color-color plane. It has a very large break 
beween the J and H bands and a much flatter / — J color 
than the trend for the other galaxies. This portion of the 
plane cannot be reached by reddening any normal galaxy 
or quasar spectrum. We illustrate this in the figure where 
we show the locus of a flat spectrum source with redden- 
ing as an arrow. The colors are, however, consistent with a 
present-day Sa located at a redshift near 3. The remaining 
three X-ray sources, including the A370 galaxy known to 
be at z = 1.060, are consistent with being similar galaxies 
in the z = 1 — 2 range. 
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Fig. 3.— Observed SED for Source 3. The B, V, R, I, J, H, 
and K' fluxes from the present data are shown as solid squares: the 
HST and ground-based data from Lemonon et al. (1998) are shown 
as open diamonds together with their ISOCAM points (solid dia- 
monds). Error bars (where shown) are Ic. The best-fit model from 
hyperz is overlaid. 

The red optical to NIR colors of these galaxies therefore 
appear to be a consequence of the SEDs rather than of 
dust reddening. The morphologies also show no color dif- 
ferentiation. This would not be expected if a reddened nu- 
cleus were beginning to appear at the longer wavelengths. 
Photometric redshift fitting should be quite robust for this 
type of source. 

3.2. Photometric Redshifts 

We used the hyperz photometric fitting routine of Bol- 
zonella, Pello, & Miralles (2001) and our observed B, V, R, 
I, J, H, and K' magnitudes to estimate redshifts for the 
X-ray sources. The /ij/perz program compares the observed 
SED of the galaxy to a set of template spectra generated 
with the Bruzual & Chariot evolutionary code (GISSEL98, 
Bruzual & Chariot 1993). We used the eight synthetic 
star formation histories constructed to match the observed 
properties of local field galaxies from type E to Im. We 
assumed no reddening. 

Figure ^ shows the observed SED (solid squares) of 
Source 3 with its deep break between the J and H bands. 
The best-fit solution from hyperz is overlaid on the ob- 
served SED. The photometric redshifts for the three X-ray 
sources behind A2390 are Zphot = 1.4(1.3-1.6) (Source 1), 
Zphot = 1.5(1.3-1.7) (Source 2), and Zphot = 2.6(2.4-2.7) 
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(Source 3), where the bracketed numbers are the 90% con- 
fidence ranges. All of the SEDs are adequately fit by single 
burst models. The youngest source (age 5 x 10^ yr) is also 
the highest redshift source (Source 3). While the photo- 
metric redshift estimates are not sensitive to the details of 
the models, the age estimate is affected by the choice of 
cosmology and the choice of models. For example, a lower 
metallicity would require a larger age. The source behind 
A370 is found to have Zphot = 1-0(0.8 — 1.2), consistent 
with its spectroscopic redshift z^pec = 1.060. The inclu- 
sion of reddening does not change the redshift estimates. 

We note that Lemonon et al. (1998) and Wilman, Fabian 
& Gandhi (2000) put Source 3 at Zphot ^ 0.5-0.6. The ad- 
dition of the H band data breaks the degeneracy in the red- 
shift information and places the source at a much higher 
redshift in order to reproduce the strong J — H break. 
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Fig. 4.— CISCO NIR spectrum of Source 1 at z^pec = 1-467. The 
[O II] 3727 and [O III] 5007 lines are clearly visible in the spectrum, 
along with the Ca H and K absorption lines- 

3.3- Spectroscopic Redshifts 

Subsequent to estimating the photometric redshifts we 
obtained spectra of Sources 1 and 2 with CISCO. Source 
1 (Fig. ^ has an unambiguous redshift of 1.467, based on 
the detection of [Oil] 3727 and [OIII] 5007. The weaker 
[OIII] 4959 feature was too faint to be detected. The 
[Oil] 3727 line was confirmed with a one hour spectrum 
(AA6000 - 10000 A, 1.4" wide slit, ~ 12 A resolution) 
taken with LRIS on Keck I on UT 4 October 2000. This 
higher resolution spectrum yielded a redshift of 1.466. The 
apparent weakness of the emission lines in the spectrum is 
a consequence of the low resolution of the infrared spectro- 
scopic observations, and the equivalent widths of the lines 
are quite representative of other field galaxies at these red- 
shifts. 

Source 2 has only a single line which, if interpreted as 
[OIII] 5007, would also place this source at 1.467, con- 
sistent with the photometric estimate. [Oil] 3727 is not 
clearly present, however, so it is also possible that this line 
could be [OIII] 5007, placing the galaxy at Zgpec = 2.317. 
No LRIS spectrum is presently available for this source. 

A one hour LRIS spectrum was also obtained for Source 
3 covering the 6000 to 10000 A region, but, as is reason- 



able given the faintness of the source, no features could be 
clearly seen. 

3.4. Longer wavelengths 

Based on ISOCAJVI data (Lemonon et al. 1998, Altieri 
et al. 1999) all three of the galaxies have significant excess 
flux in the mid-infrared wavelengths over and above the 
galaxy light (see Fig. ||), while none have strong 850 mi- 
cron detections (Fabian et al. 2000; Barger & Kneib 2001). 
This longer wavelength excess in the infrared and the ab- 
sence of strong submillimeter light is best interpreted with 
a model of hot dust surrounding the central AGN, as dis- 
cussed in Wilman, Fabian & Gandhi (2000). We postpone 
a more detailed discussion to a subsequent paper. 

4. CONCLUSIONS 

The present observations, while based on a small sample, 
appear to confirm that many of the optically faint Chan- 
dra sources lie in luminous high redshift galaxies which 
are relatively evolved. All three X-ray sources behind 
A2390 lie in red galaxies with redshifts between z — lA 
and z = 3. The observed absolute K' magnitudes are 
[—27.1, —26.5, —26.7] for sources [1,2,3], where Source 1 is 
placed at its spectroscopic redshift and Sources 2 and 3 at 
their photometric redshifts of Zphot = 1-5 and Zphot = 2.5. 
When the cluster magnification of [2.1,2.8,7.8] and the 
aperture to isophotal correction is accounted for, these be- 
come [—27.2, —25.8, —24.8], where all absolute magnitudes 
are calculated for i/o=65 and an = i, A = | Universe. 
Thus, the galaxies are comparable to or slightly more lumi- 
nous than the local . When corrected for magnification, 
the 2 — 7 keV X-ray luminosities lie in the 10*"' to 10''^ erg 
range. All of the sources have significant excess light 
in the mid-infrared, presumably as a result of reprocessing 
of the AGN light by hot dust (Wilman, Fabian & Gandhi 
2000). 

The very large magnification of the evolved high red- 
shift Source 3 is the key to its identification. There may 
be numerous objects of this type in field samples which are 
simply too faint to pick out using NIR color selection. The 
combination of very deep hard X-ray and optical data will 
allow us to select such sources for intensive study. For the 
highest redshift source, the demagnified X-ray flux would 
be 3 X lO"'^^ erg cm~^ s^'^ and the / magnitude would be 
26. It is at these levels that we may find further examples 
in the field samples. 
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Table 1 

X-RAY Sources Behind A2390 Cluster 



CXSOUJ 


Soft/Hard 


B 


V 


R 


/ 


J 


H 


K' 




Source Name 


X-ray Fluxes^ 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


215334.0-1-174242 


9.9/90 


26.11 ± 0.40 


25.39 ± 0.22 


23.93 ± 0.08 


22.17 ± 0.06 


19.33 ± 0.01 


18.24 ± 0.00 


17.41 ± 0.01 


16.5 


215333.8-1-174116 


3.7/ < 17 


24.32 ± 0.09 


23.64 ± 0.04 


22.76 ± 0.03 


22.09 ± 0.06 


19.87 ± 0.02 


18.95 ± 0.01 


18.15 ± 0.01 


17.7 


215333. 2-H74211 


5.9/23 


26.27 ± 0.45 


25.25 ± 0.16 


24.23 ± 0.11 


23.67 ± 0.20 


22.12 ± 0.14 


19.92 ± 0.02 


19.05 ± 0.03 


18.8 



^0.5-2.0 kcV/2-7 kcV X-ray fluxes given in units of 10 erg cm 
'^Isophotal magnitude to 2% of peak surface brightness 



